A simplified X-ray film method for detecting bacterial production of Hgo by Escherichia coli was developed.
In many bacteria, resistance to mercury is associated with plasmids (5, 6, (14) (15) (16) 18) . The most completely documented pathway of detoxification of mercury is reduction from inorganic (Hg2+) or organomercury to metallic mercury (Hg0). Mercury reductase, an enzyme involved in the conversion of Hg2" to Hg°, is coded by the merA gene carried on plasmids in Escherichia coli, Pseudomonas aeruginosa, Staphylococcus aureus, and group B Streptococcus spp. (1, 8, 13, 14, 16, 17, 19) . Until now, bacterial volatilization has been determined in most cases through the use of atomic absorption spectrometry (3, 10 ; K. Nakamura, T. Sakata, and H. Nakahara, Bull. Environ. Contam. Toxicol., in press) or by radioactive assay in a scintillation counter (1, 12-14, 17, 19) . Although we also have used these instrumental methods to determine whether volatilization has taken place (3, 8-10; Nakamura et al., in press), we found them to be time-consuming and expensive. In contrast, Nelson and Colwell used the reaction of mercury vapor with silver in X-ray film to observe the evolution of elemental mercury brought about by marine bacteria grown on agar plates containing HgCl2 after incubation for 1 week (11). However, this method is also time-consuming. Moreover, none of these methods is applicable to experiments involving a large number of bacterial strains, as in epidemiological studies. We have recently devised a quick, simple, and economical method for the detection of bacterial volatilization, using the X-ray film method. This paper details the procedures of this method.
Ten E. coli K-12 strains were used in this study. Five had the ability to volatilize Hg2+. The other five strains were sensitive cultures used as controls.
The simplified X-ray film method for determining bacterial volatilization of Hg2+ is as follows. To induce the mercury resistance operon, E. coli K-12 strains were incubated on nutrient agar plates containing either 1 ,ug (nine strains) or 0.1 ,ug [KP245(pRR134)] of HgCl2 per ml. After incubation for 24 h at 37°C, the strains were harvested and, with a sterilized glass rod, suspended into 0.05 ml of a 0.07 M phosphate buffer (pH 7.0) containing 0.5 mM EDTA, 0.2 mM magnesium acetate, 5 mM sodium thioglycolate, and 50 ,ug of HgCl2 per ml in a microplate (Cell Well 25855; Corning Glass Works). The plate was covered with X-ray film (Sakura X-ray film medical new A; Konishiroku Photo IND Co. Ltd.) in the darkroom. This was set between two boards of * Corresponding author. acrylic plastic (85 by 128 mm), securing the ends with clips (double clip no. 3; Kokuyo Co. Ltd.) (Fig. 1) . The plate was then put into a dark box. The X-ray film was developed after reacting for 60 min at 35°C. The foggy areas on the film were the results of the reduction of Ag+ emulsion by mercury vapor (Fig. 2) .
Three buffers (1, 19) previously used for volatilization buffer were examined for use in this method. The procedure was repeated with each of these buffers, using volatilizing strains. A volatilization reaction by bacteria was not observed in a 0.07 M phosphate buffer (pH 7.0) or in a 0.02 M phosphate buffer (pH 7.0) containing 0.28 M glucose and 0.15 M NaCl after 24 h at 35°C, although Hg2+ was present in both solutions. A reaction was observed, however, in a 0.07 M phosphate buffer (pH 7.0) containing 0.5 mM EDTA, 0.2 mM magnesium acetate, and 5 mM sodium thioglycolate, when mercury chloride had been added. When HgCl2 was absent, there was no reaction.
As the bacterial volatilization of Hg2+ has been found to require sulfhydryl compounds, the effects of eight sulfhydryl compounds were examined (Table 1) . Sulfhydryl compound at 50 mM was added to the volatilization buffer in place of sodium thioglycolate. Of these compounds, thioglycolate was the most effective in promoting the volatilization reaction after 60 min at 35'C. Dithiothreitol, penicillamine, and mercaptosuccinic acid were much less effective. Cysteine, glutathione, mercaptoethanol, and bovine serum albumin formed foggy areas on X-ray film even when Hg2+ was absent.
Bacterial volatilization has been found to be induced by agar plates containing 0, 1, 5, and 10 ,ug of HgCl2 per ml for 24 h at 35°C before being tested for reaction in volatilization buffer on a microplate. Three of the five resistant strains did not volatilize Hg2+ after incubation for 60 min at 35°C when grown on a mercury-free plate. Therefore, a nutrient agar plate containing 1 ,ug of HgCl2 per ml was used for induction. Table 2 shows the detection of bacterial volatilization by this new X-ray film method and compares the results with those from radioactive mercury volatilization assays. The results from the X-ray method were read by the naked eye semiquantitatively, with the foggy formations expressing the degree of reaction.
However, foggy formations were observed for all volatilizing strains after reaction for 24 h at 35°C even when mercury-free nutrient broth was used as the volatilization buffer. High reaction temperature and long reaction time also caused fogging by the non-volatilizing strains. These results suggest that Ag+ contained in X-ray film can be reduced by various gases released by bacteria, as in the former case, or from thioglycolate, as in the latter.
The large amount of mercury vapor produced by resistant strains sometimes formed faint fog in the areas on the microplate where sensitive strains had been inoculated. This fog may have been caused by excess amounts of mercury vapor which could not be trapped in one spot on the X-ray film. Hence, the inoculation of bacteria onto the microplate should be done with plenty of space between each inoculated spot.
The volatilization of Hg2+ by 50 mercury-resistant clinical isolates of E. coli was determined by the X-ray film method and radioactive mercury volatilization assays. The results from the X-ray film method were consistent with those from radioactive mercury volatilization assays. In conclusion, although this X-ray film method is not quantitative, it is simple, rapid, and economical. It is ideal for the rapid screening of bacterial plasmids for mercury to evaluate the degree of mercury pollution in the environment.
